In vertebrate mitosis, cohesion between sister chromatids is lost in two stages. In prophase and prometaphase, cohesin release from chromosome arms occurs under the control of Polo-like kinase 1 and Aurora B, while Shugoshin is thought to prevent removal of centromeric cohesin until anaphase. The regulatory enzymes that act to sustain centromeric cohesion are incompletely described, however. Haspin/ Gsg2 is a histone H3 threonine-3 kinase required for normal mitosis. We report here that both H3 threonine-3 phosphorylation and cohesin are located at inner centromeres. Haspin depletion disrupts cohesin binding and sister chromatid association in mitosis, preventing normal chromosome alignment and activating the spindle assembly checkpoint, leading to arrest in a prometaphase-like state. Overexpression of Haspin hinders cohesin release and stabilizes arm cohesion. We conclude that Haspin is required to maintain centromeric cohesion during mitosis. We also suggest that Aurora B regulates cohesin removal through its effect on the localization of Shugoshin.
Introduction
To ensure accurate chromosome segregation, cohesion between sister chromatids must be maintained until its release in a concerted fashion at anaphase. During mitosis in vertebrates, cohesin removal occurs in two steps (Losada et al., 1998; Waizenegger et al., 2000) . In prophase and prometaphase, cleavage-independent release of cohesin from chromosome arms takes place under the control of Polo-like kinase 1 (Plk1) and Aurora B, while cohesion at centromeres and a few loci on the arms is maintained (Gimenez-Abian et al., 2004; Losada et al., 2002; Sumara et al., 2002) . The protease Separase can cleave the Rad21/Scc1 cohesin subunit (Hauf et al., 2001 ), but it is kept inactive in early mitosis by two inhibitory factors: association with Securin and phosphorylation by Cyclin B/Cdk1. A ubiquitin ligase, the anaphase promoting complex/cyclosome (APC/C), promotes degradation of Securin and Cyclin B at the metaphaseanaphase transition, and Separase is activated. The resulting release of cohesin triggers the separation of sister chromatids (Nasmyth, 2002) .
The mechanisms that act to sustain centromeric cohesion in the face of the prophase removal pathway remain poorly defined. Recently, Shugoshin (Sgo1) has been proposed to be a protector of centromeric cohesin. Repression of Sgo1 by RNA interference (RNAi) leads to premature loss of cohesion between chromatids and arrest at prometaphase with misaligned chromosomes (Kitajima et al., 2005; McGuinness et al., 2005; Salic et al., 2004; Tang et al., 2004) . The centromeric localization of Sgo1 relies on Bub1 (Kitajima et al., 2004 (Kitajima et al., , 2005 Riedel et al., 2006; Tang et al., 2004) . After Bub1 repression, Sgo1 is relocated along the length of the chromosomes and appears then to prevent the dissociation of cohesin from the arms (Kitajima et al., 2005) . Sgo1 may act in part by promoting the activity of the phosphatase PP2A at centromeres, counteracting the effects of mitotic kinases by preventing phosphorylation of the cohesin subunit Scc3/SA2 (Kitajima et al., 2006; Riedel et al., 2006; Tang et al., 2006) .
We previously showed that the kinase Haspin associates with chromosomes during mitosis. Phosphorylation of Haspin itself and its substrate histone H3 threonine-3 (H3T3ph) occurs specifically during mitosis. Haspin RNAi causes an accumulation of cells in which partial metaphase plates are present, but many chromosomes appear stranded near the spindle poles (Dai et al., 2005) . In this study, we reveal that an important defect underlying this phenotype is a failure of mitotic chromosome cohesion. Our results indicate that Haspin is a positive regulator of centromeric cohesion. We also suggest that the complex influence of Aurora B on cohesion may be explained by its effect on the localization of Sgo1.
Results

Haspin Depletion Arrests Cells in Mitosis
To better understand the basis for the mitotic defects caused by Haspin depletion, we optimized the RNAi procedure (see Figure S1 in the Supplemental Data available with this article online) and determined the DNA content and mitotic index of transfected HeLa cells by using flow cytometry. After 48 hr, 14% of control siRNA-transfected cells had a 4N or G2/M DNA content, while Haspin depletion resulted in an accumulation of more than 30% of cells in this state ( Figure 1A ). In contrast, Aurora B RNAi increased the number of polynuclear cells with greater than 4N DNA content (Figure 1A and data not shown), suggesting endoreduplication consistent with the known requirement for Aurora B in cytokinesis (Ditchfield et al., 2003; Hauf et al., 2003; Terada et al., 1998) . Staining for the mitotic marker MPM-2 confirmed that Haspin RNAi caused an accumulation of cells in mitosis (reaching 12% of the population versus 2% for control RNAi; Figure 1A ). This effect was less pronounced for Aurora B RNAi ( Figure 1A ), in keeping with the role of this kinase in establishing checkpoint signaling (Ditchfield et al., 2003; Hauf et al., 2003) . These *Correspondence: jhiggins@rics.bwh.harvard.edu results suggested that Haspin has a critical function in mitosis prior to anaphase.
Activation of the spindle assembly checkpoint is brought about by sustained recruitment of checkpoint proteins such as Bub1 to the kinetochores of misaligned chromosomes. These checkpoint proteins generate a signal that inhibits the APC/C, preventing Cyclin B degradation and Cdk1 inactivation (Nasmyth, 2002) . We found that in cells transfected with Haspin siRNA and containing misaligned chromosomes, Bub1 was recruited to kinetochores ( Figure 1E ) and that Cyclin B remained detectable ( Figure 1B ). Chromosome misalignment and Cyclin B maintenance were also apparent during the first mitosis after Haspin siRNA transfection in cells synchronized by double thymidine treatment, although Haspin depletion appeared to be less efficient when this protocol was used ( Figure S2A ). Together, these results suggest that Haspin depletion leads to chromosome misalignment, activation of the spindle checkpoint, and arrest in a prometaphase-like state. Indeed, when we knocked down Aurora B to compromise the checkpoint in Haspin siRNA-transfected cells, the mitotic index was decreased, and cells with greater than 4N DNA content that had apparently exited mitosis were apparent ( Figure 1A ).
H3 Threonine-3 Phosphorylation and Cohesin Have Overlapping Distributions in Mitosis
To understand the basis for the chromosome alignment defects that occur after Haspin depletion, we first examined in detail the distribution of the only currently known product of Haspin action, H3T3ph. We previously showed that H3T3ph is concentrated at centromeric regions during mitosis (Dai et al., 2005) . To more and at additional foci between sister chromatids (c). Chromosome cartoons depict the degree to which three-dimensional models were rotated. (E) U2OS cells were transfected with siRNAs and, after 48 hr, subjected to immunofluorescence staining with centromere autoantibodies (red), Bub1 (green), and H3T3ph (far red, shown gray) antibodies. DNA was visualized with Hoechst 33342 (blue). The insets show magnified images of centromere (red)/kinetochores (green) that are coupled in a control cell and uncoupled in a Haspin siRNA-treated cell.
accurately determine its chromosomal localization, we costained spread metaphase chromosomes by using antibodies to H3T3ph and the centromere marker CENP-A. We used deconvolution microscopy and modeling to reconstruct three-dimensional images (Figure 1C) , and we quantified the staining intensity along chromosomes and across the centromeres ( Figures S3  and S4 ). On each chromosome, H3T3ph was concentrated at the inner centromere between the paired regions of CENP-A. Centromeric regions containing H3T3ph extended along the axis of the chromosomes somewhat beyond the CENP-A regions, and additional smaller foci of H3T3ph were seen between the sister chromatids at intervals along the arms. Interestingly, staining for H3T3ph appeared similar to that of the cohesin subunit hRad21/hScc1 ( Figure 1D ; Figure S3 ) (Hauf et al., 2001; Hoque and Ishikawa, 2001) . Simultaneous visualization of H3T3ph and the cohesin subunit SA2 on mitotic chromosomes from HeLa cells confirmed overlapping, though not identical, distributions (see Figure 2D ; Figure S4 ). The chromosomal staining of cohesin was relatively weak, though consistent, and there was additional noticeable nonchromosomal staining. This is likely to be due to the release of the great majority of cohesin into the cytoplasm during prophase (Hauf et al., 2001; Waizenegger et al., 2000) . The similar locations of H3T3ph and cohesin led us to investigate the role of Haspin in chromosome cohesion.
Depletion of Haspin Causes Premature Chromatid Separation
Although in our previous study we noted that some chromatids appeared to remain coupled in Haspin siRNA-treated cells (Dai et al., 2005) , we wished to more carefully determine whether misaligned chromosomes might have lost centromeric cohesion. Therefore, we costained U2OS cells with centromere autoantibodies and antibodies to the kinetochore protein Bub1 ( Figure 1E ). As expected, in control prometaphase cells, sister chromatids were associated, as judged by the presence on each chromosome of two Bub1 dots at the kinetochores (green) flanking a pair of centromere dots (red). In contrast, in cells lacking Haspin (as judged by low or undetectable H3T3ph), chromosomes that possessed a single red dot and a single green dot were often seen, particularly near the spindle poles, suggesting that separated chromatids were present.
To quantify chromatid separation occurring after Haspin depletion, we prepared mitotic chromosome spreads of HeLa cells transfected with control or Haspin siRNA. The spreads were then costained with centromere autoantibodies and with propidium iodide to visualize chromosomal DNA ( Figure 2A ). As reported in other studies (Gimenez-Abian et al., 2004; Kitajima et al., 2005) , the majority of control cells prepared in this way (75%) had prometaphase or metaphase-like chromosomes, with associated sister chromatids and closely apposed or ''closed'' arms, while fewer than 5% showed any evidence of chromatid separation ( Figure 2B ). In contrast, only 15% of Haspin siRNA-treated cells showed coupled chromatids with closed arms (p < 0.01 versus control siRNA by the Dunnett multiple comparisons test), and 57% had scattered, fully separated and condensed chromatids (p < 0.01). Another 12% showed partially separated chromatids where sisters appeared to have lost cohesion along their length but remained in proximity to one another (p < 0.01). Similar results were obtained with a second pair of Haspin and control siRNA reagents ( Figure S5 ). This indicated that repression of Haspin induces abnormal loss of cohesion between chromosomes, even at centromeres, leading to loss of sister chromatid association.
To more directly address the impact of Haspin on cohesin itself, we visualized the SA2 subunit on spread mitotic chromosomes after Haspin depletion. In HeLa cells after control RNAi, antibodies to SA2 weakly, but reproducibly, stained centromeres, as before. Sgo1 RNAi resulted in loss of cohesin and chromatid separation, as expected ( Figure 2D ) (Kitajima et al., 2005; McGuinness et al., 2005) . Similarly, in cells depleted of Haspin, enrichment of cohesin on chromatids was no longer evident, even at the centromere ( Figure 2D ), consistent with a role for Haspin in maintaining cohesin association.
As described earlier, cells depleted of Haspin appear to arrest with the spindle assembly checkpoint activated, suggesting that early Separase activation is unlikely to account for the loss of cohesion observed. Nevertheless, we used two additional approaches to test this possibility. First, we assessed the effect of the spindle poison nocodazole on Haspin siRNA-transfected cells. Nocodazole arrests cells in mitosis with unaligned chromosomes, with the spindle checkpoint activated, and with Separase inactive (Rieder and Maiato, 2004) . This prolonged prometaphase leads to the opening of sister chromatid arms to produce X-shaped chromosomes (Gimenez-Abian et al., 2004; Kitajima et al., 2005) . Indeed, among control siRNAtransfected HeLa cells, the proportion of cells with open chromosome arms increased from 12% in cells without treatment to 83% in nocodazole-treated cells (p < 0.01; Figure 2B ). Aurora B RNAi prevented this increase in arm opening ( Figure 2B ), as previously reported for small-molecule inhibitors of aurora kinases and in Xenopus extracts after Aurora B depletion (Gimenez-Abian et al., 2004; Losada et al., 2002) . In contrast, in nocodazole-treated Haspin siRNA-transfected cells, 61% of cells had partially or completely separated chromatids (versus 3% for control siRNA; p < 0.01), suggesting that Haspin RNAi induces a precocious loss of cohesion, even when the spindle checkpoint is activated by nocodazole. We noted that nocodazole increased the proportion of cells with separated but proximate, rather than scattered, chromatids in Haspin siRNA-transfected cells. As suggested for the loss of cohesion after Sgo1 RNAi, complete scattering of sister chromatids may require the action of the spindle apparatus (McGuinness et al., 2005) . Chromatid separation was also seen after Haspin siRNA transfection in cells synchronized by double thymidine treatment and released into nocodazolecontaining medium ( Figure S2B ), suggesting that cohesion defects are present during the first mitosis that occurs directly after Haspin depletion.
As a second approach, we analyzed spread mitotic chromosomes after treatment of HeLa cells with MG132, a proteasome inhibitor that prevents degradation of Cyclin B and Securin and therefore inhibits Separase activation. In control cells, MG132 treatment increased the percentage of sister chromatids with open arms from 15% to 71% (p < 0.01), consistent with the expected block in mitosis ( Figure 2C ). MG132 did not prevent the loss of cohesion resulting from Haspin siRNA transfection, however ( Figure 2C ). Taken together, the results indicate that the precocious loss of cohesion induced by Haspin siRNA is not due to premature activation of APC/C-Separase pathway.
Haspin Overexpression Counteracts Cohesin Removal in Early Mitosis
Because depletion of Haspin resulted in decreased cohesion during mitosis, Haspin overexpression might have the opposite effect. To test this possibility, we made use of doxycycline-inducible, stable HeLa cell transfectants of EGFP-Haspin or EGFP alone that we described previously (Dai et al., 2005) . To better observe the predicted failure to remove cohesin, we examined chromosome spreads from cells treated for 3 hr with nocodazole to open the chromosome arms. After induction with doxycycline, 86% of EGFP-expressing control cells had chromosomes with open arms ( Figure 3A) . In contrast, only 34% of doxycycline-induced EGFPHaspin-expressing cells had open chromosomes (p < 0.01 versus EGFP alone), and the arms of sister chromatids in the remaining 66% remained closed. The slight decrease in arm opening seen in uninduced cells (72%, p < 0.05) is probably due to the expression of EGFP-Haspin at low levels in some cells, even in the absence of doxycycline (data not shown). Similar results were obtained with HeLa cells expressing myc-Haspin ( Figure S6 ). These results indicate that Haspin overexpression can prevent the normal release of cohesin that occurs during early mitosis.
To assess this possibility, we examined the chromosomal association of cohesin SA2. In control cells or uninduced EGFP-Haspin cells, SA2 antibodies gave low-intensity staining on spread chromosomes as described earlier. After induction of EGFP-Haspin, SA2 showed strong chromosomal staining either with or without prior nocodazole treatment ( Figure 3B and data not shown). This indicates that overexpression of Haspin stabilizes arm cohesion between sister chromatids by preventing loss of the cohesin complex during early mitosis. We noted that SA2 staining on chromosomes in Haspin-expressing cells was more intense than on chromosomes with closed arms in control cells, further suggesting that Haspin overexpression and increased cohesin retention is the cause, and not result, of increased arm cohesion. This failure to release cohesion normally may explain, at least in part, the apparent delay in progression through prophase/prometaphase that we previously observed in cells overexpressing Haspin (Dai et al., 2005) .
Both Haspin and Sgo1 Are Required to Maintain Centromeric Cohesion
Because the effects of depleting Sgo1 appear similar to those that occur with Haspin RNAi (see Introduction;
Figures 2D and 4B; Figure S7 ), we hypothesized that Haspin and Sgo1 act in a common pathway to regulate cohesion. We first examined whether the centromeric localization of Sgo1 was affected by Haspin depletion. As previously reported, Sgo1 often appeared as paired dots at the centromeres of mitotic chromosomes from control cells (Figures 4A and 4B) . In Haspin siRNA-transfected cells, Sgo1 remained detectable at the centromeres of even scattered single chromatids ( Figures 4A  and 4B ). In contrast, in Aurora B siRNA-treated cells, the centromeric staining of Sgo1 was reduced. Instead, Sgo1 was delocalized along the chromosome arms ( Figure 4A ). Neither Haspin nor Aurora B RNAi significantly altered total Sgo1 levels in cells ( Figure S1 ). These results suggest that Aurora B, but not Haspin, is required for centromeric localization of Sgo1, though they do not rule out the possibility that Haspin regulates the function of Sgo1 in some other manner (see Discussion). Conversely, we found that, although Sgo1 RNAi led to diffusion of H3T3ph staining along separated chromatids, it had little influence on the overall intensity of H3T3ph during mitosis, suggesting that Sgo1 is not critical for Haspin kinase activity in cells (Figures 2D  and 4B ; Figure S1D ). These results did not provide evidence that Haspin and Sgo1 act in a common pathway to regulate cohesion.
As another strategy to study the relationship between Sgo1 and Haspin, we determined whether overexpression of Haspin could overcome the cohesion defect caused by depletion of Sgo1. Analysis of chromosome spreads from nocodazole-treated cells indicated that, as expected, Sgo1 RNAi led to chromatid scattering in w60% of doxycycline-treated control cells or uninduced EGFP-Haspin-transfected cells ( Figure 4C ). In HeLa cells induced to overexpress EGFP-Haspin, although Sgo1 depletion was similar ( Figure S1E ), fewer than 30% of cells had scattered chromatids (p = 0.01 by Student's t test versus controls), and more than 40% had associated chromatids (compared to fewer than 15% in control conditions; p < 0.0001 by Student's t test). Immunofluorescence microscopy revealed the presence of cells overexpressing Haspin that lacked detectable Sgo1 staining, but maintained chromatid association ( Figure 4D) . Interestingly, the chromosomes of many such cells lacked clear primary constrictions, suggesting that Sgo1 is required to maintain centromeric cohesion even when Haspin is overexpressed. In summary, it appears that overexpression of Haspin can partially stabilize arm cohesion even when Sgo1 is depleted, but that both Haspin and Sgo1 are required for normal centromeric cohesion.
The Function of Haspin, Aurora B, and Sgo1 on Chromosome Arms The lack of chromosome arm opening in the absence of Aurora B activity has been ascribed to a failure of cohesin release in early mitosis (Gimenez-Abian et al., 2004; Losada et al., 2002) , though the mechanistic basis for (C) Forty-eight hours after siRNA transfection, mitotic HeLa cells were discarded after selective detachment. The remaining cells were incubated with or without MG132 for 3 hr. Cells entering mitosis during this period were isolated by selective detachment, and chromosome morphologies were quantified as described for (B). (D) HeLa cells were transfected with siRNAs, and, after 48 hr, mitotic chromosome spreads were prepared and stained with anti-H3T3ph (red), anti-SA2 (green), and anti-CENP-A (shown gray) antibodies, and with DAPI (DNA; blue).
this remains unclear. Our observation that Sgo1 becomes visible on the chromosome arms after Aurora B RNAi suggested that ectopic Sgo1 might protect cohesion at this location and thereby prevent arm opening. If this were the case, one would expect the chromosome arm cohesion observed after inhibition of Aurora B to be (A) Stable, inducible HeLa Tet-On cell transfectants containing vectors encoding EGFP alone or EGFP-Haspin were treated with 1 mg/ml doxycycline for 24 hr or were not treated. After incubation with nocodazole for 3 hr, mitotic chromosome spreads were prepared and stained with propidium iodide. DNA (red) and EGFP (green) were visualized by fluorescence microscopy (left panels). Note that EGFP-Haspin is chromosomal, while EGFP alone gives a particulate nonchromosomal pattern in these conditions. The numbers of cells containing chromosomes with predominantly open or closed arms were quantified by a blinded observer viewing only DNA (red) fluorescence (right). Means and standard deviations are shown. In each case, w100 cells were classified on each of three coverslips from two separate experiments. (B) Mitotic chromosome spreads were prepared from HeLa transfectants treated as in (A) and stained with goat anti-SA2 antibodies to reveal cohesin (red) and Hoechst 33342 to reveal DNA (blue). The control antibody used was goat anti-c-Cbl. dependent on Sgo1. In fact, it has previously been shown that Sgo1 siRNA treatment causes sister chromatids to separate even when aurora kinases are inhibited (McGuinness et al., 2005) , and we have confirmed that chromatid separation occurs after Aurora B plus Sgo1 RNAi ( Figure S7) . Therefore, the increased arm cohesion observed in the absence of Aurora B activity requires Sgo1. In contrast, arm cohesion after Aurora B RNAi does not depend on Haspin: chromatid association after Aurora B plus Haspin RNAi (when Sgo1 relocates to the arms) appeared similar to that which occurs after Aurora B RNAi alone ( Figures 2B and 4A ). These observations support the suggestion that Haspin is not always necessary for Sgo1 to facilitate cohesion, at least on chromosome arms. The finding that depletion of the mitotic kinase Aurora B can ''rescue'' the loss of arm cohesion seen after Haspin RNAi further suggests that Haspin is not required for the establishment Figure 4 . Interplay of Haspin, Aurora B, and Sgo1 in the Regulation of Sister Chromatid Association (A) Aurora B RNAi, but not Haspin RNAi, delocalizes Sgo1. HeLa cells were transfected with siRNAs and, after 48 hr, treated for 3 hr with nocodazole. Mitotic chromosome spreads were prepared and stained with centromere autoantibodies (red), anti-Sgo1 antibody (green), and Hoechst 33342 (DNA; blue). (B) Sgo1 RNAi delocalizes, but does not prevent, H3T3 phosphorylation. After nocodazole treatment for 3 hr, chromosome spreads of mitotic siRNA-transfected HeLa cells were stained with antibodies to H3T3ph (red) and Sgo1 (green), and with Hoechst 33342 (DNA; blue). (C) Haspin overexpression partially ''rescues'' the loss of chromatid association after Sgo1 depletion. Stable HeLa Tet-On transfectants were induced with 1 mg/ml doxycycline for 24 hr or were left uninduced prior to transfection with siRNAs. After another 24 hr (in the continued presence of doxycycline where appropriate), the cells were treated with nocodazole for 3 hr before mitotic chromosome spreads were prepared. After staining with propidium iodide to reveal DNA, cells were classified according to the categories indicated. In each case, w100 cells were categorized on each of three coverslips from two separate experiments. Means and standard deviations are shown. (D) Haspin overexpression can maintain chromatid association in the absence of detectable Sgo1. HeLa Tet-On EGFP-Haspin transfectants were treated as in (C) and stained with anti-Sgo1 antibodies (red) and Hoechst 33342 (DNA; blue). (E) Summary model. In control cells prior to anaphase, sister chromatids are associated and have a primary constriction at the centromere, coinciding with the location of Sgo1 (red dots). Additional foci of cohesion are found along chromosome arms (horizontal lines). After Haspin RNAi, Sgo1 remains at the centromere, but cohesion is lost and separation of sister chromatids occurs. Sgo1 RNAi also causes separation of sister chromatids, suggesting that both Haspin and Sgo1 are required to maintain centromeric cohesion. In contrast, Aurora B RNAi causes delocalization of Sgo1 from the centromere to the arms. This results in ectopic protection of cohesion on the arms, accompanied by loosening of centromeric cohesion and loss of the primary constriction. Double RNAi experiments confirm that the increased arm cohesion seen after Aurora B RNAi is dependent on Sgo1 and indicate that it is independent of Haspin.
or maintenance of chromatid association prior to mitosis.
Discussion
Our studies reveal that Haspin is vital to maintain chromosome cohesion during mitosis. Other proteins required for cohesion in mitosis have been identified, including Sgo1, Bub1, CENP-F, and Soronin (Holt et al., 2005; Kitajima et al., 2004 Kitajima et al., , 2005 Losada et al., 2002; McGuinness et al., 2005; Rankin et al., 2005; Salic et al., 2004; Tang et al., 2004) , and the kinases Plk1 and Aurora B are known to be involved in cohesin removal (Gimenez-Abian et al., 2004; Losada et al., 2002; McGuinness et al., 2005; Sumara et al., 2002) . The kinase Haspin, however, appears to be critical for protecting centromeric cohesion during mitosis. As with other treatments that disrupt cohesion, such as Sgo1 or Scc1 deletion or depletion (Hoque and Ishikawa, 2002; Kitajima et al., 2004 Kitajima et al., , 2005 McGuinness et al., 2005; Salic et al., 2004; Sonoda et al., 2001; Tang et al., 2004; Vagnarelli et al., 2004; Vass et al., 2003) , depletion of Haspin leads to loss of cohesin association, premature chromatid separation, activation of the spindle assembly checkpoint, and a block in mitosis in a prometaphase-like state. Our results indicate that both Haspin and Sgo1 are required to maintain centromeric cohesion prior to anaphase ( Figure 4E ). While the Sgo1 RNAi phenotype is more penetrant than that of Haspin RNAi, it is difficult to determine whether the two proteins are equally depleted in such experiments. The overall similarity of the effects of depleting Haspin and Sgo1 suggests that they might act in a common pathway. Haspin depletion, however, does not have a dramatic effect on Sgo1 localization, and Sgo1 depletion does not appear to prevent Haspin action. To date, we have also been unable to detect phosphorylation of Sgo1 by Haspin in vitro (unpublished data). Indeed, our results suggest that in some experimental circumstances, such as when Haspin is overexpressed or Aurora B is depleted, Haspin and Sgo1 can act independently to stabilize cohesion on chromosome arms. It remains to be seen if this reflects the normal situation in vivo. One can envision a variety of other mechanisms by which Haspin might regulate cohesion. For example, Haspin may directly phosphorylate a subunit of cohesin, making it resistant to cleavage-independent removal. Alternatively, the overlapping distributions of H3T3ph and cohesin suggest that Haspin could act via histone modification to influence cohesion. We have been unable to demonstrate any effect of threonine-3 phosphorylation on cohesin binding to H3 peptides in vitro (unpublished data), but this simplified experimental system does not account for the potential contribution of other proteins and histone modifications that are present in cells. It is also possible that Haspin has an indirect role in regulating cohesion. Cohesion loss occurring after Haspin RNAi could be a consequence of disrupted centromere structure, for example, although the ability of Haspin overexpression to stabilize cohesion is suggestive of a more direct effect. Whatever the case, it seems unlikely that protection of centromeric cohesion can be described simply by the opposing action of kinases and phosphatases on cohesin at the centromere.
Finally, we find that in the absence of Aurora B, Sgo1 is delocalized from centromeres and found along chromosome arms, as reported after depletion of Bub1 (Kitajima et al., 2005; Riedel et al., 2006) . The increased arm cohesion observed in the absence of Aurora B activity is dependent on the presence of Sgo1 (McGuinness et al., 2005 ; this study). Previously, it has been difficult to understand why chromosome arm cohesion should depend on a centromeric protein such as Sgo1. We suggest that one function of the chromosome passenger complex containing Aurora B is to correctly localize Sgo1 to the centromere, and that the failure of cohesin release after inhibition or depletion of Aurora B (Gimenez-Abian et al., 2004; Losada et al., 2002; McGuinness et al., 2005) may be due in large part to protection of chromosome arm cohesin by ectopic Sgo1 ( Figure 4E ). Loss of Sgo1 from centromeres in these circumstances, and a resulting loosening of centromeric cohesion, may also explain why primary constrictions are lost after inhibition of Aurora B ( Figure 4E ) (GimenezAbian et al., 2004) . In some studies, but not all, Aurora B inactivation decreases Bub1 levels at kinetochores (Ditchfield et al., 2003; Hauf et al., 2003; Meraldi and Sorger, 2005) , so one possibility is that Aurora B acts via Bub1 to localize Sgo1. Alternatively, Sgo1 may be phosphorylated by Aurora B or regulated by association with INCENP (Resnick et al., 2006) . It is clear that additional study of the mechanisms by which Haspin, Sgo1, Aurora B, and other proteins cooperate to regulate sister chromatid cohesion during mitosis will provide further insight into this complex and critical system.
Experimental Procedures
Antibodies Affinity-purified rabbit anti-serum to histone H3T3ph (B8634) was previously described (Dai et al., 2005) . Rabbit anti-histone H3 was purchased from Abcam (Cambridge, UK); rabbit anti-hSgo1 (for immunoblotting) and anti-hRad21/hScc1 were generous gifts of Dr. A. Salic, Harvard Medical School, Boston, MA, and Dr. F. Ishikawa, Kyoto University, Japan (Hoque and Ishikawa, 2001) , respectively. Mouse monoclonal antibodies used were to hSgo1 (Abnova Corp., Taiwan; for immunofluorescence), to CENP-A (Abcam), and to Aurora B (AIM-1) and Cyclin B (BD Transduction Laboratories). Sheep anti-hBub1 was provided by Dr. Stephen Taylor, University of Manchester, UK (Taylor et al., 2001) . Goat antibodies to SA2 (BL146G), from Bethyl Laboratories (Montgomery, TX), and to c-Cbl (C15G), from Santa Cruz Biotechnology, were used. Human centromere autoantibodies were purchased from Immunovision (Springdale, AZ).
Cell Culture, Transfection, Flow Cytometry, and Immunoblotting Human HeLa or U2OS and HT1080 cells were maintained in 10% FBS/DMEM and 10% FBS/aMEM, respectively. Human Haspin and negative control siRNAs were described previously (Dai et al., 2005) . Aurora B and Sgo1.1A siRNAs were synthesized by Integrated DNA Technologies (Coralville, IA) and have been described by others (Hauf et al., 2003; McGuinness et al., 2005) . Transfection with 40 nM each siRNA was carried out with Oligofectamine according to the manufacturer's recommendations (Invitrogen). In some experiments, 24 or 48 hr after transfection, 100 ng/ml nocodazole or 20 mM MG132 was added for 3 hr to arrest cells in mitosis. In others, HeLa cells were synchronized by double thymidine block (Dai et al., 2005) and transfected with siRNA immediately after the first thymidine treatment. Flow cytometric analysis of DNA content and MPM-2 staining, cell lysis in buffer L, and immunoblotting were carried out as described previously (Dai et al., 2005) .
Chromosome Spreads, Immunostaining, and Fluorescence Microscopy For Cyclin B staining, cells were fixed with 2% paraformaldehyde (PFA) at 25 C for 10 min and antibodies were diluted in 5% FBS/ PBS. For Bub1 staining, cells were fixed with 1% PFA at 25 C for 5 min, followed by 0.5% Triton X-100/PBS at 25 C for 5 min, and antibodies were diluted in 5% nonfat dried milk, 0.5% Triton X-100, PBS. In general, to produce chromosome spreads, mitotic cells obtained by selective detachment were incubated in hypotonic buffer (75 mM KCl:0.8% NaCitrate:H 2 O at 1:1:1) with protease inhibitor cocktail (Sigma P8340) and 0.1 mM okadaic acid at room temperature for 8-10 min. After attachment to glass coverslips by Cytospin at 1500 rpm for 5 min, chromosome spreads were fixed with 2% PFA/PBS at 25 C for 20 min. For H3T3ph staining of HT1080 cells, 100% methanol fixation for 20 min at 220 C was used, followed by treatment with cold acetone for 1 min. Staining with anti-Rad21 antibodies was carried out as described (Hoque and Ishikawa, 2001 ). For SA2 staining, cells were swelled in 75 mM KCl, cytospun, extracted with 0.1% Triton X-100/PBS for 2 min, fixed with 4% PFA/PBS, and re-extracted with 0.5% Triton X-100/PBS for 5 min. Antibodies were diluted in 10% FBS, 0.1% Triton X-100, 120 mM KCl, 20 mM MgCl 2 , 0.5 mM EDTA, 10 mM Tris (pH 8.0) or, for anti-SA2, in 1% BSA, 0.5% Triton X-100, PBS. Secondary antibodies were donkey anti-goat, -mouse, -rabbit, or -human IgG-Cy3; anti-human IgGCy2; anti-rabbit IgG-Cy5 (Jackson ImmunoResearch); or anti-rabbit, -sheep, or -mouse IgG-Alexa 488 (Invitrogen). To detect DNA, 50 mg/ ml propidium iodide and 100 U/ml RNase A (Sigma), 0.5 mg/ml Hoechst 33342 (Sigma), or SloFade Light containing DAPI (Invitrogen) were used. Fluorescence microscopy was carried out with a Nikon TE2000 inverted microscope, except for images in Figures 1C,  1D , and 2D and Figures S3 and S4 , which were acquired and processed as described (Sullivan and Karpen, 2004) .
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